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(57) Abstract: A projection objective for imaging a pattern provided in an object surface onto an image surface of the projection 
objective has an object- side imaging subsystem for creating a final intermediate image closest to the image surface from radiation 
coming from the object surface and an image-side imaging subsystem for directly imaging the final intermediate image onto the 
image surface. The the image-side imaging subsystem includes at least one aspheric primary correcting lens having an aspheric 
primary correcting surface. The object-side imaging subsystem includes a secondary correcting group having at least one secondary 
correcting lens having an aspheric secondary correcting surface. Conditions involving maximum incidence angles and subaperture 
offsets at the correcting surfaces are given which should be observed to obtain sufficient aberration correction at very high image-side 
numerical apertures NA. 
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Hiqh-NA projection objective with aspheric lens surfaces 



BACKGROUND OF THE INVENTION 
5 Field of the Invention 

The present invention relates to a projection objective for imaging a 
pattern provided in an object surface of the projection objective onto an 
image surface of the projection objective. The projection objective may 
10 be used for microlithography projection exposure machines. The 
invention relates, in particular, to exposure machines for semiconductor 
structures which are designed for immersion operation in an aperture 
range where the image-side numerical aperture NA is greater than 1 .0. 

15 Description of the Related Art 

In the case of reducing optical imaging, in particular in the field of 
projection lithography, the image-side numerical aperture NA is limited 
by the refractive index of the surrounding medium in image space 
20 adjacent to the image surface of the projection objective. In immersion 
lithography the theoretically possible numerical aperture NA is limited by 
the refractive index of the immersion medium. 

The immersion medium can be a liquid or a solid. An immersion liquid is 
25 disposed between an exit surface of the projection objective and the 
surface of the substrate to be exposed, which is arranged in the image 
surface. In contact-free solid immersion a planar exit surface of the 
projection objective is arranged at a working distance smaller than the 
operating wavelength to the substrate to be exposed such that 
30 evanescent fields emerging from the exit surface can be used for 
imaging (near-filed lithography). Solid immersion with touching contact 
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between the exit surface of the projection objective and the substrate is 
also possible. 

The theoretical limit for image-side numerical aperture is normally not 
5 reached, since the propagation angles between the rays limiting the 
beam bundle and the optical axis then become very large. As a rule, NA 
should not substantially exceed approximately 95% of the refractive 
index of the last medium on the image side. For 193 nm, this 
corresponds to a numerical aperture of NA = 1.35 in the case of water 
10 (n H 2o = 1 43) as immersion medium. 

With immersion liquids whose refractive index is higher than that of the 
material of the last optical element with refractive power (also denoted 
last lens), or in the case of solid immersion, the refractive index of the 

15 material of the last lens (i.e. the last optical element of the projection 
objective adjacent to the image surface) acts as a limitation if the design 
of the exit surface of the projection objective is to be planar or only 
weakly curved. The planar design is advantageous, for example, for 
measuring the distance between wafer and objective, for hydrodynamic 

20 behaviour of the immersion medium between the wafer to be exposed 
and the exit surface of the projection objective, and for their cleaning. 
The exit surface must be of planar design for solid immersion, in 
particular, in order to expose the wafer, which is likewise planar. 

25 For DUV (deep ultraviolet, operating wavelength of 248 nm or 193 nm), 
the materials normally used for the last optical element are fused silica 
(synthetic quartz glass, Si0 2 ) with a refractive index of n S i02 = 1.56 at 
193 nm or CaF 2 with a refractive index of n Ca F2 = 150 at 193 nm. Given 
the limitations mentioned above, a numerical aperture of approximately 

30 NA = 1.425 (95% of n = 1.5) might be achieved if calcium fluoride is 
used for the last optical element. Using fused silica instead would allow 
numerical apertures of NA=1.48 (corresponding to approximately 95% of 
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the refractive index of quartz at 193 nm). The relationships are similar at 
248 nm. 

It is contemplated that projection objectives having NA values in the 
5 range between about 1 ,35 and about 1 ,50 will become desireable in the 
near future. High NA values in this range and above can be obtained, for 
example, if at least one optical element in the projection objective is a 
high-index optical element made from a high-index material with a 
refractive index higher than that of fused silica, for example with n > 1.6 

10 at the operating wavelength. For example, the high-index material may 
be sapphire which forms at least partly the last refractive optical element 
of the projection objective. Examples are shown in US patent application 
with serial number 11/151,465 and title: "Projection objective having high 
aperture and planar end surface" filed on June 14, 2005 by the 

15 applicant. However, high-index materials in an optical quality suitable for 
this purpose are in limited supply and procedures for reproducably 
treating such materials during manufacturing are still being developed. 
Therefore it would be desireable to be able to produce very high NA 
projection objectives using only lenses made of established materials, 

20 such as fused silica. If, for example, a last optical element of a projection 
objective would be made of fused silica with n S io2 = 1,56 at 193 nm an 
increase in image-side numerical aperture towards the limit value NA = 
1,56 requires that very high propagation angles a are present in the last 
optical element. This is demonstrated by table A where the image side 

25 numerical aperture NA is listed together with the propagation angle a 
between marginal or coma rays and the surface normal to the planar exit 
surface of the projection objective (in most cases equal to half the 
opening angle of a beam bundle within the last optical element), and the 
respective sine of that maximum propagation angle a, which is the 

30 corresponding aperture sin a. 
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Table A 



NA 


cc[°] 


Aperture sin a 


1,35 


59,9 


0,865 


1,40 


63,8 


0,897 


1,45 


68,3 


0,929 


1,50 


74,0 


0,961 



5 It is difficult to control very high aperture values in the region of sin a > 
0,8 or sin a > 0,9 with regard to optical correction. Since the outer coma 
rays impinge at very large angles, small angular deviations lead to large 
offsets between an ideal image point and an actual image point with re- 
gard to geometrical lateral offsets. The geometrical optical aberrations 
10 as well as the aberrations of the wavefront have to be kept very low to 
obtain sufficient imaging fidelity. 

SUMMARY OF THE INVENTION 

15 It is one object of the invention to provide a projection objective with po- 
tential for very high image-side NA with optical correction means suitable 
to correct aberrations originating from high aperture values sin a > 0,8 or 
sin a > 0,9 within a last refracting optical element of the projection objec- 
tive. It is another object of the invention to provide a projection objective 

20 with an image-side numerical aperture NA > 1,35 that can be manufac- 
tured using established lens materials, particularly fused silica, only. 

As a solution to these and other objects, this invention, according to one 
formulation, provides a projection objective for imaging a pattern pro- 
25 vided in an object surface of the projection objective onto an image sur- 
face of the projection objective comprising: 
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an object-side imaging subsystem for creating a final intermediate image 
closest to the image surface from radiation coming from the object sur- 
face; 

an image-side imaging subsystem for directly imaging the final interme- 
5 diate image onto the image surface; 

the image-side imaging subsystem including a diverting lens group for 
creating a divergent beam from radiation coming from the final interme- 
diate image and a converging lens group including a last optical element 
closest to the image surface for converting the divergent beam into a 

10 convergent beam having an aperture sin a > 0,8 in the last optical ele- 
ment to provide an image-side numerical aperture NA; 
the image-side imaging subsystem including a primary correcting group 
having a primary correcting lens having an aspheric primary correcting 
surface formed by an image-side concave surface of the primary correct- 

15 ing lens and arranged in the region of divergent beam such that a pri- 
mary angular load defined by a primary local maximum SINIMAX1 for 
the sine of the angle of incidence is obtained and such that a primary 
subaperture offset SOI is given on the primary correcting surface; 
the object-side imaging subsystem including a secondary correcting 

20 group having at least one secondary correcting lens having an aspheric 
secondary correcting surface, 

wherein the secondary correcting surface is shaped and arranged such 
that a secondary local maximum SINIMAX2 for the sine of the angle of 
incidence similar to the primary local maximum SINIMAX1 is obtained on 

25 the secondary correcting surface and arranged at a position where an 
absolute value of a secondary subaperture offset S02 is similar to, but 
different from, the absolute value of the first subaperture offset SOI , 
where a subaperture offset SO between a first subaperture SA1 corre- 
sponding to a first object point of minimum height and a second 

30 subaperture SA2 corresponding to a second object point with maximum 
height is defined as: 

SO = Dsa/DIAsa, 



WO 2007/025643 



PCT/EP2006/007963 



where D S a is a distance between the centers of the first and the second 
subaperture in an offset direction and DIA S a is the mean value of the di- 
ameters of the first and second subaperture in the offset direction. 

5 

Preferably, the following conditions are fulfilled 



(4) LL< j(S01/S02) |<UL 
where LL = 3 and UL = 25 or LL =1/25 and UL = 1/3. 
15 The invention is particularly useful for projection objectives with NA > 



This aspect of the invention allows to provide optical correction by using 
aspheric lens surfaces or groups of aspheric lens surfaces arranged in 

20 selected, spatially separated regions of the projection objective such that 
an overall correcting effect can be obtained by distributing the correcting 
effect into at least two geometrically separate regions of the projection 
objective, where one of that regions is positioned in the image-side im- 
aging subsystem in a region of divergent radiation and the other is posi- 

25 tioned around a "load conjugate" position upstream of the final interme- 
diate image, i.e. further away from the image surface. 

The term "load conjugate" as used here is intended to encompass mutu- 
ally associated regions within the projection objective which are geomet- 
30 rically spaced apart from each other and separated by at least one in- 
termediate image, but where similar conditions with respect to correction 
potential for selected aberrations are given. It has been found that one 



10 



(1) 
(2) 
(3) 



SINIMAX1 > 0,85 
SINIMAX2 > 0,85 
S01/S02 * 1 



1,35. 
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prerequisit for an effective correction is that at least one aspheric surface 
is placed at a position where a very high maximum angle of incidence, 
i.e. a high angular load, is obtained at that aspheric surface. 

5 Further, it has been found that it may be difficult to concentrate all the 
necessary variation of refractive power over the beam height provided 
by an aspheric surface in only one position of the projection objective. 
Therefore, it is proposed to divide the correcting effect between at least 
two "load conjugate" regions on either side of an intermediate image 
10 which are characterized by the fact that similar, but not identical condi- 
tions prevail with regard to the "subaperture offset", which characterizes 
the potential of an aspheric surface to act on coma rays of the beam 
bundle in a defined manner. 

15 The term "coma ray" as used here defines a ray emanating from an off- 
axis object point and running to the edge of an aperture stop limiting the 
diameter of the beam-bundle and placed at or close to a pupil surface of 
the projection objective. Two selected coma rays will be used throughout 
the specification to characterize specific features of the invention. The 

20 term "upper coma ray" refers to a coma ray having an increasing dis- 
tance to the optical axis in propagation direction, i.e. running away from 
the optical axis near the object surface. The term "lower coma ray", in 
contrast, refers to a coma ray having a decreasing distance to the optical 
axis in propagation direction, i.e. running towards the optical axis near 

25 the object surface. 

The aspect of the very high angles of incidence at aspheric surfaces is 
reflected by requirements regarding the maximum value for the sine of 
the angle of incidence (SINIMAX) on the primary and secondary correct- 
30 ing surface. Particularly if the conditions SINIMAX1 > 0,85 and 
SINIMAX2 > 0,85 are met, a potential for strong correcting effect is 
given. 
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It is to be understood that these values correspond to the incidence an- 
gles given when the projection objective is used with maximum NA. The 
"sine of the angle of incidence" of a ray at a surface is understood as the 
5 product n * sin(i) of the refractive index n of the medium situated up- 
stream of the surface in the light propagation direction, and the sine of 
the angle i of incidence. The angle of incidence is in this case the angle 
enclosed by the light ray and the surface normal at the point of im- 
pingement. The "maximum sine of the angle of incidence" (SINIMAX) at 
10 a surface is understood as the maximum value of the sine of the angle of 
incidence over all light rays impinging on this surface. 

The aspect of similar, but not identical situations with regard to the 
"subaperture offset" is now discussed. If the subaperture offsets SOI 

15 and S02 at the primary and secondary correcting surface, respectively, 
are identical, then an amplification of the correcting effect of both cor- 
recting surfaces may be obtained given a suitable aspheric surface 
shape. However, if a distinct, but not too large difference is given, the 
correcting effects of the primary and secondary correcting surfaces may 

20 complement each other to obtain an overall correcting effect not possible 
with one of the correcting surfaces only. 

It has been found that certain conditions for the subaperture offset ratio 
S01/S02 should be met to obtain optimum correcting effects. Specif i- 
25 cally, strong correction can be obtained if the absolute value 
| (S01/S02) | of the subaperture offset ratio lies between a lower limit LL 
and an upper limit UL. Preferably, LL=3 and UL = 25 or LL = 1/25 and 
UL = 1/3, meaning that either the limiting values 3 and 25 or their recip- 
rocal values 1/25 and 1/3 limit the preferred range. 

30 

More preferably, LL=3 and UL = 6 or LL = 1/6 and UL = 1/3. 
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It has been found that certain intervals for the absolute value of the 
subaperture offset ratio may be particularly beneficial. One interval may 
be characterized by LL=3 and UL = 4 or LL = 1/4 and UL = 1/3. Another 
interval may be characterized by LL=5 and UL = 6 or LL = 1/6 and UL = 
5 1/5. Yet another interval may be characterized by LL=15 and UL = 25 or 
LL = 1/25 and UL = 1/15. 

Alternatively, or in addition, certain combinations of intervals for the ab- 
solute value | SO | of the subaperturte offset appear to be beneficial in 
10 order to obtain sufficient correction. Specifically, if one aspheric correct- 
ing surface is positioned such that one of the following three conditions 
(1) to (3) is fulfilled for | SO| , then it is beneficial that another aspheric 
correcting surface is present at a position where one of the other two 
remaining conditions is fulfilled. The conditions are as follows: 

15 

(1) 0 < | SO | <0.025 

(2) 0,04 < | SO | < 0,120 

(3) 0,200 < | SO | < 0,400 

20 Regarding useful high angular loads at the correcting surfaces, prefera- 
bly the conditions SINIMAX1 > 0,90 and SINIMAX2 > 0,90 are met. 
More preferably, the conditions SINIMAX1 > 0,925 and SINIMAX2 > 
0,925 are met. 

25 Typically the condition SINIMAX1 > SINIMAX2 holds such that the high- 
est maximum values for the sine of the incidence angle appear on the 
primary correcting surface. 

Independent from the type of projection objective (refractive or catadiop- 
30 trie) the optical elements immediately upstream of the image surface are 
responsible for guiding and/or effecting high aperture values needed for 
image-side numerical apertures significantly larger than 1 . Usually, the 
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aperture is provided by the converging action of a number of immedi- 
ateley consecutive positive lenses close to the image surface. The re- 
gion of convergent beam is normally preceeded by a region where the 
divergence angle of a divergent beam is being reduced by further posi- 
5 tive lenses arranged between a region of a local minimum in beam di- 
ameter and the region of a local maximum of beam diameter closest to 
the image surface. Therefore, a typical design with high NA has the re- 
gion of minimum beam diameter closest to the image surface (frequently 
shaped and denoted as "waist") followed by an image-side "bulge" or 

10 "belly" immediately upstream of the image surface. Whereas one or 
more negative lenses may be positioned in the image-side belly in low 
NA designs in order to contribute to aberration correction, for example 
with regard to spherical aberration, typical embodiments of high NA ob- 
jectives according to the invention have only positive lenses within the 

15 image-side belly in order avoid extreme lens diameters. 

In some embodiments the lens or lenses of the primary correcting group 
are positioned immediately upstream of the image-side belly. Specifi- 
cally, the primary correcting lens may be a negative lens having an im- 

20 age-side concave surface immediately followed by a group of five lenses 
including at least four positive lenses. In many cases there are only posi- 
tive lenses between the primary correcting lens and the image surface. 
Typically there is at most one non-positive lens between the primary cor- 
recting lens and the image surface. For example, at least five positive 

25 lenses may be arranged between the primary correcting lens and the 
image surface and/or at least 80% of all lenses between the primary cor- 
recting lens and the image surface are positive lenses. 

It has been found useful if the primary correcting group includes at least 
30 two negative lenses each having an aspheric image-side concave sur- 
face arranged in the region of divergent beam. More complex correction 
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effects can be obtained this way by using aspheric surfaces with moder- 
ate aspheric shapes. 

Preferably, the primary correcting lens is a biconcave negative lens. 

5 

In some embodiments the primary correcting lens is a biaspherical lens 
having aspheric entry surface and aspheric exit surface. A complex dis- 
tribution of refractive power across the beam diameter can be obtained 
this way in an axially narrow region. 

10 

In some embodiments the secondary correcting group includes a secon- 
dary correcting lens formed by a lens having an aspheric object-side 
concave surface arranged in a position selected such that the primary 
and the secondary subaperture offset have opposite signs. In this case, 

15 the secondary correcting surface may complement and intensify the cor- 
recting effect of the primary correcting lens with high efficiency. That 
secondary correcting lens is a mensicus lens in preferred embodiments. 
Although the lens surface of the secondary correcting lens opposite to 
the secondary correction surface may be spherical, this lens surface is 

20 aspherical in other embodiments such that the secondary correcting lens 
is a biaspherical lens. 

It has been found useful that the meniscus lens is bent strongly such 
that an opening angle y of the secondary correcting surface exceeds 60° 

25 and/or 70° and/or 80°. Here, the opening angle y of a curved surface is 
defined as the angle included between the optical axis and a straight line 
between the center of curvature at the vertex of that curved surface and 
the edge of the optically used area of the curved surface. With other 
words: if R c is the radius of curvature and h max is the maximum height of 

30 that surface then y = arcsin (h max / Rc). Therefore, as an opening angle 
approaches 90°, the curved surface assumes approximately a hemi- 
spherical shape. Surfaces with large opening angles are capable of pro- 
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viding aberration contributions (or correction contributions) at the highest 
orders, which has been found useful for correcting aberrations in very 
high NA objectives. 

5 Alternatively, or in addition, the secondary correcting group may include 
a secondary correcting lens having an aspheric image-side concave sur- 
face arranged at a position where the primary and secondary subaper- 
ture offset have the same sign. In this case, the subapertures corre- 
sponding to the object points having maximum and minimum height, re- 
10 spectively, are offset from each other in the same relative direction as on 
the primary correcting surface indicating that a similary correcting effect 
implifying and complementing the correcting effect of the primary cor- 
recting surface can be obtained. 

15 The lens having an aspheric image-side concave surface may be a me- 
niscus lens, which may have one aspheric surface (on the concave side) 
or two aspheric surfaces (biaspherical lens). 

According to another aspect the invention provides a projection objective 
20 having an image-side imaging subsystem immediately downstream of 
the object surface including a first pupil surface closest to the object sur- 
face, wherein an aspheric lens is arranged immediately downstream of 
the first pupil surface having an aspheric object-side concave entry sur- 
face facing the pupil surface, wherein that entry surface has an opening 
25 angle y > 60°. The concave aspheric entry surface may function as a 
secondary correcting surface. 

Preferably, y > 70°. More preferably, y > 80°. The opening angle may be 
asymmetric in relation to the optical axis for free openings due to an 
30 asymmetric image field, which may particularly be positioned outside the 
optical axis. The lens carrying that close-to-hemispherical surface may 
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be cut asymmetrically to accomodate an aperture stop aligned obliquely 
(i.e. at a non-rectangular angle) with respect to the optical axis. 

Preferably, that aspheric lens having the aspheric entry surface has 
5 positive refractive power. The lens may be a meniscus lens. The exit 
side of that lens may be spherical or aspherical, thereby making that 
lens a biaspherical lens. 

In addition, the projection objective having a first pupil surface closest to 
10 the object surface may have at least one aspheric lens between the ob- 
ject surface and the first pupil surface, wherein that lens has an image- 
side concave exit surface facing the first pupil surface and wherein that 
surface is aspheric and has an opening angle y > 60°. 

15 Preferably, that aspheric lens having the aspheric exit surface has posi- 
tive refractive power. The lens may be a meniscus lens. The entry side 
of that lens may be spherical or aspheric, thereby making that lens a bi- 
aspherical lens. 

20 The distribution of correcting effect into at least two geometrically sepa- 
rate regions of the projection objective may also be accomplished if the 
two separate regions are disposed on either side of a pupil surface in 
mutually load conjugate positions upstream and downstream of that pu- 
pil surface. If there is no intermediate image formed between the load 

25 conjugate positions on either side of that pupil surface, the relative posi- 
tions of the subapertures of the first and second beam bundles are dif- 
ferent on either side of that pupil surface such that, in a direction per- 
pendicular to the optical axis, on one side the first subaperture SA1 lies 
below the second subaperture SA2, whereas on the other side the sec- 

30 ond subaperture lies below the first subaperture SA1 . 
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According to this aspect of the invention, there is provided a projection 
objective for imaging a pattern provided in an object surface of the pro- 
jection objective onto an image surface of the projection objective com- 
prising: 

at least one pupil surface; 

an object-side system part between the object surface and the pupil sur- 
face for guiding radiation coming from the object surface towards the 
pupil surface; 

an image-side system part for guiding radiation coming from the pupil 
surface onto the image surface, the image-side system part including a 
last optical element closest to the image surface and being designed for 
creating a convergent beam having an aperture sin a > 0,8 in the last 
optical element to provide an image-side numerical aperture NA; 
the image-side system part including a first correcting group having at 
least one first correcting lens having a first aspheric correcting surface 
formed by a concave surface of the first correcting lens and arranged 
such that a first angular load defined by a first local maximum SINIMAX1 
for the sine of the angle of incidence is obtained and such that a first 
subaperture offset SOI is given on the first correcting surface; 
the object-side system part including a second correcting group having 
at least one second correcting lens having a second aspheric correcting 
surface, 

wherein the second correcting surface is shaped and arranged such that 
a second local maximum SINIMAX2 for the sine of the angle of inci- 
dence similar to the first local maximum SINIMAX1 is obtained on the 
second correcting surface and arranged at a position where an absolute 
value of a second subaperture offset S02 is similar to, but different from, 
the absolute value of the first subaperture offset SOI , 
where a subaperture offset SO between a first subaperture SA1 corre- 
sponding to a first object point of minimum height and a second 
subaperture S02 corresponding to a second object point with maximum 
height is defined as: 
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SO= Dsa/DIAsa, 

where D S a is a distance between the centers of the first and the second 
subaperture in an offset direction and DIA S a is the mean value of the di- 
5 ameters of the first and second subaperture in the offset direction. 

According to this aspect a strong overall correcting effect with comple- 
menting contributions from spatially separated aspheric correcting sur- 
faces may also be utilized in optical systems having no intermediate im- 

10 age or within an optical system consisting of at least two concatenated 
imaging subsystems, where the correction and compensation takes 
place within an imaging sub-system. For example, the projection objec- 
tive may have at least one intermediate image and, as a consequence, 
at least two pupil surfaces. The pupil surface included between the first 

15 and second correction surface may be the first pupil surface closest to 
the object surface. In any case, a pair of associated correcting surfaces 
having high angular loads situated upstream and downstream of the 
same pupil surface may contribute to correction. The change of the sign 
of the subaperture offset between positions upstream and downstream 

20 of the same pupil surface contribute to solve correction problems par- 
ticularly in the edge region of a pupil at high ray heights since the correc- 
tion of these regions may be influenced with varying weight by the asso- 
ciated correcting surfaces. 

25 The projection objective may have two pupil surfaces and exactly one 
intermediate image. In a preferred embodiment, the projection objective 
has exactly two intermediate images and three pupil surfaces. 

It has been found that high spatial densities of aspheric surfaces may be 
30 beneficial around the primary and/or secondary correcting surface. Con- 
ditions and considerations regarding the aspect of high spatial densities 
of aspheric surfaces also applicable to the present invention are dis- 
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closed in US patent application with serial number 11/151,465 and title: 
"Projection objective having a high aperture and a planar end surface" 
filed on June 14, 2005 by the applicant. The disclosure of that patent 
application is incorporated herein entirely by reference. 

5 

According to another aspect of the invention there is provided a projec- 
tion objective for imaging a pattern provided in an object surface of the 
projection objective onto an image surface of the projection objective 
comprising: a plurality of optical elements including refractive optical 

10 elements, the plurality of optical elements being arranged and designed 
to image the pattern onto the image surface at a maximum image-side 
numerical aperture NA > 1.35; wherein all refractive optical elements are 
made of fused silica. High resolution projection objectives can thereby 
be obtained at reasonable costs since fused silica is available in suffi- 

15 cient quantities at very high optical quality, and processes for manufac- 
turing of lenses and othre optical elements from fused silica are well es- 
tablished. The image-side numerical aperture may be in the range 1,35 
< NA < 1,50. The projection objective may be a catadioptric projection 
objective where the optical elements include at least one concave mirror. 

20 Exactly two concave mirrors are provided in some embodiments. In 
some embodiments the projection objective has at least one intermedi- 
ate image beteeen the object surface and the image surface. Although 
at least one planar folding mirror or two folding mirrors may be present, 
in some embodiments the projection objective is rotational symmetric 

25 and has one straight optical axis common to all optical elements, and no 
folding mirror (In-line system). Mechanical stability is thereby obtained 
and incorporation into wafer steppers or wafer scanners is facilitated. 
The rotationally symmetric in-line projection objective may be a catadi- 
optric projection objective where the optical elements include exatly two 

30 concave mirrors. 
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The previous and other properties can be seen not only in the claims but 
also in the description and the drawings, wherein individual characte- 
ristics may be used either alone or in sub-combinations as an embodi- 
ment of the invention and in other areas and may individually represent 
5 advantageous and patentable embodiments. 



BRIEF DESCRIPTION OF THE DRAWINGS 



Fig. 1 is a longitudinally sectioned view (meridional section) of a first 
10 embodiment of a catadioptric projection objective according to 

the invention; 



Fig. 2 is an enlarged detail of the object-side end of the projection ob- 
jective in Fig. 1 ; 

15 

Fig. 3 is an enlarged detail of the image-side end of the projection ob- 
jective in Fig. 1 . 



20 DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS 



In the following description of preferred embodiments of the invention, 
the term "optical axis" shall refer to a straight line or sequence of 
straight-line segments passing through the centers of curvature of the 

25 optical elements involved. The optical axis can be folded by folding 
mirrors (deflecting mirrors). In the case of those examples presented 
here, the object involved is either a mask (reticle) bearing the pattern of 
an integrated circuit or some other pattern, for example, a grating 
pattern. In the examples presented here, the image of the object is 

30 projected onto a wafer serving as a substrate that is coated with a layer 
of photoresist, although other types of substrate, such as components of 
liquid-crystal displays or substrates for optical gratings, are also feasible. 
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Where tables are provided to disclose the specification of a design 
shown in a figure, the table or tables are designated by the same num- 
bers as the respective figures. 

5 

Fig. 1 shows a first embodiment of a catadioptric projection objective 
100 according to the invention designed for ca. 193 nm UV working 
wavelength. It is designed to project an image of a pattern on a reticle 
(or mask) arranged in the planar object surface OS into the planar image 

10 surface IS on a reduced scale, for example, 4:1, while creating exactly 
two real intermediate images IMI1 and IMI2. A first refractive objective 
part ROP1 is designed for imaging the pattern arranged in the region of 
the object field OF in the object surface into the first intermediate image 
IMI1, a second, catoptric (purely reflective) objective part COP2 images 

15 the first intermediate image IMI1 into the second intermediate image 
IMI2, and a third, refractive objective part ROP3 images the second 
intermediate image IMI2 onto the image surface IS with a strong 
reduction ratio. 

20 The second objective part COP2 comprises a first concave mirror CM1 
having the concave mirror surface facing the object side, and a second 
concave mirror CM2 having the concave mirror surface facing the image 
side. The mirror surfaces are both continuous or unbroken, i.e. they do 
not have a hole or bore. The mirror surfaces facing each other define an 

25 intermirror space, enclosed by the curved surfaces defined by the 
concave mirrors. The intermediate images IMI1, IMI2 (at least the 
paraxial intermediate images) are both situated geometrically inside the 
intermirror space apart from the mirror surfaces. 

30 Each mirror surface of a concave mirror defines a "curvature surface" or 
"surface of curvature" which is a mathematical surface extending beyond 
the edges of the physical mirror surface and containing the mirror 
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surface. The first and second concave mirrors are parts of rotationally 
symmetric curvature surfaces having a common axis of rotational sym- 
metry. The Projection objective is rotational symmetric and has one 
straight optical axis OA common to all refractive and reflective optical 
5 components. There are no folding mirrors. The concave mirrors have 
small diameters allowing to bring them close together and rather close to 
the intermediate images lying in between. The concave mirrors are both 
constructed and illuminated as off-axis sections of axial symmetric 
surfaces. The light beam passes by the edges of the concave mirrors 
10 facing the optical axis without vignetting. 

Catadioptric projection objectives having this general construction are 
disclosed e.g. in the US patent application with serial numbers 
1 1/035,103 filed on January 14, 2005. The contents of this application is 

15 incorporated into this application by reference. It is one characterizing 
feature of this type of catadioptric projection objectives that all concave 
mirrors are arranged optically remote from a pupil surface, particularly at 
positions where the chief ray height of the imaging process exceeds a 
marginal ray height of the imaging process. Further, it is preferred that at 

20 least the first intermediate image is located geometrically within the 
intermirror space. Preferably both intermediate images are located 
geometrically within the intermirror space. This basic type of design 
allows immersion lithography at numerical apertures NA > 1 with optical 
systems that can be built with relatively small amounts of optical 

25 material. 

The specifications for the design of Fig. 1 are summarized in Table 1 . 
The leftmost column lists the number of the refractive, reflective, or 
otherwise designated surface, the second column lists the radius, r, of 
30 that surface [mm], the third column lists the distance, d [mm], between 
that surface and the next surface, a parameter that is referred to as the 
"thickness" of the optical element, the fourth column lists the material 
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employed for fabricating that optical element, and the fifth column lists 
the refractive index of the material employed for its fabrication. The sixth 
column lists the optically utilizable, clear, semi diameter [mm] of the 
optical component. In the tables, a radius value r=0 is given for planar 
5 surfaces having infinite radius. 

In the case of this particular embodiment, a large fraction of optical 
surfaces are aspherical surfaces. Table 1A lists the associated data for 
those aspherical surfaces, from which the sagitta of their surface figures 
10 as a function of the height h may be computed employing the following 
equation: 

p(h) = [((1/r)h 2 )/(1 + SQRT(1 - (1 + K)(1/r) 2 h 2 ))] + C1 • h 4 + C2 • h 6 + .... , 

15 where the reciprocal value (1/r) of the radius is the curvature of the 
surface in question at the surface vertex and h is the distance of a point 
thereon from the optical axis. The sagitta p(h) thus represents the 
distance of that point from the vertex of the surface in question, measu- 
red along the z-direction, i.e., along the optical axis. The constants K, 

20 C1, C2, etc., are listed in Table 1A. 

The projection objective 100 is designed for microlithography at 193 nm 
at an image-side working distance of 1 mm and has an image-side 
numerical aperture NA = 1,50 at an image field size 4 mm • 18 mm, 
25 where the off-axis rectangular image field is used. The track length (axial 
distance between object plane and image plane) is 1370 mm. The 
optical correction for aberrations is characterized by a wavefront error 
(RMS) equal to or smaller than 6,0 mA for all image heights between 
4,375 and 1 1 ,375. All lenses are made of fused silica. 

30 

A first pupil surface P1 is formed within the first, refractive objective part 
ROP1 between object surface OS and first intermediate image IMI1 at a 
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position where the chief ray CR intersects the optical axis OA. A second 
pupil surface P2 is present within the second, catoptric objetive part 
COP2 between the first and second intermediate images between the 
concave mirrors CM1 and CM2 where the chief ray CR intersects the 
optical axis. A third pupil surface P3 is formed within the third, refractive 
objective part ROP3 where the chief ray CR intersects the optical axis a 
third time prior to impinging on the image surface. An aperture stop AS 
is positioned within the first objective part ROP1 close to the first pupil 
surface P1. The planar aperture stop is placed obliquely (at a non- 
rectangular angle) and decetered with respect to the optical axis. The 
lens immedeatly following the aperture stop is cut asymmetrically to 
accommodate the structure for the aperture stop (see Fig. 2). 

The projection objective 100 is one example for a certain type of 
projection objective having an object-side imaging subsystem OSIS for 
creating a final intermediate image closest to the image surface 
(identical to the second intermediate image IMI2) and a subsequent 
image-side imaging subsystem ISIS (identical with the second refractive 
objective part ROP2) for imaging the final intermediate image IMI2 
directly, i.e. without further intermediate image, onto the image surface. 
In this particular case, the object-side imaging subsystem OSIS includes 
two concatenated objective parts ROP1 and COP2, wherein each of that 

•fa 

objective parts forms an imaging subsystem. In this case, one 
intermediate image, namely the first intermediate image IMI1, is formed 
within the object-side imaging subsystem. 

Some optical properties of the projection objective become evident if the 
course of selected coma rays and the course of beam bundles emerging 
from selected object field points is considered. For this purpose, Figs. 1 
and 2 show a beam bundle BB1 originating from an object point OP1 
with minimum height, i.e. the object point of the object field positioned 
closest to the optical axis in the meridional section, and a second beam 
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bundle BB2 originating from a second object point OP2 of the object field 
furthest apart from the optical axis in the meridional section. The outer 
periphery of each of the beam bundles is represented by respective 
upper and lower coma rays CRU1, CRL1 and CRU2, CRL2 respectively. 
5 In this representation, the coma rays are useful, for example, to identify 
the approximate position of intermediate images. For example, the first 
intermediate image I MM is formed between the intersection points of the 
upper and lower coma ray of the object point OP1 closest to the optical 
axis and the second object point OP2 farthest away from the optical 
10 axis. The first intermediate image is formed on the side of the optical 
axis opposite to the side of the original object field OF whereas the 
second intermediate image is formed on the side of the object field OF 

The coma rays of the selected object points exit from the respective 
15 object points under certain angles with respect to a direction parallel to 
the optical axis, where this opening angle of a beam bundle is defined by 
the object-side numerical aperture. As evident from Fig. 2, each selected 
beam bundle intersects the lens surfaces in regions defined by the 
intersection points of the upper and lower coma ray of a beam with the 
20 lens surface. The "footprint" (intersection zone) of a beam bundle of a 
specific object point on an optical surface is denoted "subaperture" in 
this specification. For example, the subapertures SA1, SA2 
corresponding to the object points OP1 and OP2 on the first lens surface 
of the projection objective (convex surface closest to the object surface 
25 OS) are indicated in bold lines in Fig. 2. 

It is evident and shown schematically in Fig. 2 that at a position close to 
a field surface the subapertures of the selected beam bundle may not 
overlap but lie with a distance there between. As the axial position 
30 approaches a pupil surface, the size of the subapertures increases and 
an increasing overlap of the subapertures occurs. At the position of the 
first pupil surface, for example, the subapertures of the selected object 



WO 2007/025643 _ 23 - PCT/EP2006/007963 

points overlap essentially completely. As the distance to the object 
surface increases beyond the first pupil surface, respective subapertures 
become increasingly smaller and the overlap decreases until the 
subapertures are separate again at the first intermediate image IMI1. 

5 

It is worth to note that the relative position of the subapertures of the first 
and second beam bundles are different on either side of a pupil surface. 
For example, the subapertures SA2 of the second beam bundle BB2 are 
positioned farther away from the optical axis (at larger absolute ray 

10 height values) than those of the first beam bundle. In the region between 
object surface and first pupil surface, the ray height values may be 
regarded with positive sign, whereas behind the first pupil surface, i.e. 
between the pupil surface and the first intermediate image, the ray 
height values have negative sign. Thus the subaperture SA2 is above 

15 the subaperture SA1 in the region between object surface and first pupil 
surface, and the situation is reversed in the region after the first pupil 
surface and before the first intermediate image. These conditions are 
important for the purpose of aberration correction, as will be explained 
below. 

20 

It is a general observation that correction may be relatively simple for 
regions close to the optical axis, wheras the correction becomes increas- 
ingly more difficult as the considered region approaches the edge region 
of a pupil, which corresponds to the regions of largest ray height values. 

25 The relative positions of the first and second beam bundle along the 
height region (perpendicular to the optical axis) are different on either 
side of the pupil surface. This effect is reflected by the change of sign of 
the subaperture offset SO. Due to that reversal of relative positions with 
respect to the largest values of the ray height new degrees of freedom 

30 for correction are obtained if, at the same time, high angular loads are 
obtained at the associated correcting surfaces upstream and down- 
stream of the pupil surface, since a strong correction and mutual com- 
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pensation of undesired influence on the wavefront can be obtained at 
the same time. 

It is considered useful to define axial positions of lens surfaces in de- 
5 pendence on a corresponding "subaperture offset" SO between the first 
subaperture SA1 corresponding to the first object point having minimum 
height and a second subaperture S02 corresponding to a second object 
point with maximum height as: SO = D S a / DIA S a, where D SA is a dis- 
tance between the centers of the first and the second subaperture in an 
10 offset direction and DIA S a is the mean value of the diameters of the first 
and second subaperture in the offset direction. 

As evident from Fig. 2, the value of the subaperture offset SO 
approaches 0 as the axial position gets closer to a pupil surface (where 
15 D S a =0) and reaches a maximum value in a field surface. 

These conditions qualitatively explained in connection with Figs. 1 to 3 
are quantified in Table 1S for the system of Table 1. The leftmost 
column lists the numbers of refractive, reflective or otherwise designated 

20 surfaces. The second column lists the maximum value SINIMAX for the 
sine of the angles of incidence at maximum usable aperture. The third 
column lists the mean value H1 of the heigth of the upper coma ray 
CRU1 and the lower coma ray CRL1 of the beam originating from the 
first object point OP1 with minimum heigth. Note that this mean value is 

25 generally similar, but not identical to the heigth of the respective chief 
ray corresponding to the respective object point. The fourth column lists 
the mean value H2 of the heigths of upper coma ray CRU2 and lower 
coma ray CRU1 of the second beam bundle BB2 originating from OP2. 
The fifth column lists the diameter D1 of the first beam bundle BB1 in the 

30 meridional direction, which corresponds to the difference between the 
heigths of the corresponding upper and lower coma rays CRU1 and 
CRL1. Likewise, the sixth column lists the respective values for the 
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second beam bundle corresponding to the second object point OP2. The 
seventh column lists the subaperture offset SO at the respective surface 
derived according to the equation: 

5 SO = (H2 — H1) / [(D1 + D2)/ 2] 

which corresponds to the equation: SO = D S a / DIA S a ■ 

From Table 1 S it is evident that the absolute value of the subaperture 
10 offset attains its maximum at the object surface (surface #0) and the 
image surface (surface #50) and approaches zero at pupil surfaces (e.g. 
first pupil surface P1 corresponding to surface #11). Further, the sign of 
the subaperture offset (positive or negative) is different on either side of 
a pupil surface indicating that the relative positions of the beam bundles 
15 originating from the first and second object point switch their position 
with regard to their relative heights. For example, between the object 
surface OS and the first pupil surface P1 a first beam bundle BB1 has a 
smaller medium height (given by the mean value of the heights of upper 
and lower coma ray) than the second beam bundle BB2, whereas 
20 downstream of the first pupil surface between P1 and the first 
intermediate image the conditions are reverse. 

The highest maximum incidence angles are obtained at the planar exit 
surface (#49) of the projection objective, where SINIMAX = 0,962. 
25 Comparable values are obtained within the projection objective at 
surfaces #33 (SINIMAX = 0,957), #12 (SINIMAX = 0,944) and #6 
(SINIMAX = 0,936). Here, the highest value is obtained for the primary 
correcting surface (#33). 

30 The absolute values of the subaperture offset for the primary correcting 
surface (#33) and the most effective secondary correcting surface (#12) 
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are significantly different from zero, and have similar, but not identical 
absolute values (-0,081 versus 0,015). 

The sequence and type of optical elements in the projection objective 
5 will now be described in detail. On the object-side the design of the 
lenses immediately downstream of the object surface is optimized to 
provide object-side telecentricity and a very low level of distortion. The 
entry-side of the first refractive objective part ROP1 arranged between 
object surface and first pupil surface P1 is functionally sub-divided into 

10 two groups G1 and G2 of positive lenses. No negative lens is provided 
upstream of the aperture stop. The first group G1 is formed by three 
biaspherical positive meniscus lensesLI, L2 and L3, where the curvature 
radius of the local curvature at the vertex and outside the optical axis are 
on the image-side primarily to secure object-side telecentricity. Very high 

15 incidence angles occur at the concave exit side (Surface #6) of lens L3. 

The second group G2 immediately upstream of the aperture stop 
consists of positive lenses L4, L5, where L4 is strongly aspheric on the 
entry side and L5 is a biaspherical lens. 

20 

The third group G3 immediately downstream of the first pupil surface P1 
is designed as a single biaspherical positive meniscus lens having an 
object-side concave entry surface (#33), where very high incidence 
angles occur. 

25 

The fourth group G4 downstream of meniscus L6 is formed by three 
consecutive positive lenses, namely, biconvex lens L7, meniscus lens L8 
and a weakly-curved meniscus lens L9 having positive refractive power 
around the optical axis and a region of negative refractive power towards 
30 the perimeter of the lens. 
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The second, catoptric objective part COP2 is formed by two aspheric 
concave mirrors CM1, CM2 and serves as an imaging subsystem to 
image a first intermediate image IMI1 onto the second intermediate 
image IMI2, which is strongly aberrated. 

5 

A lens group G6 immediately following the second concave mirror is 
formed by single positive meniscus lens L10 having an aspheric entry 
surface and a concave, spherical exit surface. 

10 A lens group G7 including five consecutive negative lenses L11 - L15 
provides overcorrection for the subsequent positive lenses of a lens 
group G8, which is designed primarily to provide the high image-side 
numerical aperture. This lens group G8 consists of six immediately 
consecutive positive lenses L16 - L21 immediately upstream of the last 

15 optical element LOE (lens L22) formed by a plano-convex lens having 
an aspherically curved entry surface with small curvature radius and a 
planar exit surface facing the image surface IS, which lies at a distance 
of 1 mm to the exit surface of the projection objective. 

20 The image-side imaging sub-system ISIS shown in detail in Fig. 3 is 
effective to first diverge the beam coming from the second intermediate 
image IMI 2 (final intermediate image) and then converging the beam 
towards the image surface. An image-side belly including lens L18 of 
largest diameter is thereby formed including positive lenses only. The 

25 concentration of positive optical power is preceded by a concentration of 
negative refractive power provided by group G7 to form a "waist" in the 
beam. In the concept of the invention, these negative lenses form a 
primary correcting group CG1 which provides a major contribution to the 
correction of aperture-driven image aberrations such as oblique 

30 spherical aberrations in sagittal and meridional direction. 
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It has been found that the most relevant (effective) surfaces are those 
lens surfaces on the image-side having a center of curvature also on the 
image side. With other words, image-side concave surfaces of negative 
lenses appear to be very effective. Moreover, it has been found that 
5 such negative lenses closest to the image-side belly are most effective. 
Due to the large geometrical distance between the positive lenses of the 
image-side belly and the correcting surfaces very large correction 
contributions with highest orders need to be provided. This is made 
possible mainly by shaping and arranging these image-side concave 

10 surfaces such that a high angular load is obtained. The high angular 
load is characterized by large maximum incidence angles of radiation at 
an optical surface. The largest value for the sine of an incidence angle 
(SINIMAX) in this region is obtained for the exit surface (#33) of 
biconcave negative lens L14 in the region of divergent beam. Due to the 

15 high correcting efficiency, this lens is denoted primary correcting lens in 
this specification, where the concave exit side is a primary correction 
surface, which is aspheric to obtain best correcting results. The aspheric 
concave exit surface of lens L12 contributes significantly to primary 
correction. The primary correcting surface in this embodiment is 

20 characterized by SINIMAX 1 = 0,957 and a subaperture offset SOI = - 
0,081. 

It has been found that the correcting effect of the primary correcting 
group may not be sufficient, particularly, if the aperture values sin a in 

25 the last optical element are significantly increased above sin a = 0,9, 
e.g. up to sin a = 0,95 or above. In order to provide further 
complementary and intensifying contributions to aberration correction, 
the projection objective includes a secondary correction group CG2 
arranged in the image-side imaging subsystem ISIS around the first 

30 pupil surface P1. The secondary correcting group CG2 includes aspheric 
surfaces shaped and arranged such that they influence primarily the 
upper coma rays of the beam bundle either with similar height ratios as 
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in the primary correcting group, or in a complementary manner with 
switched height ratios. 

The object-side concave biaspherical meniscus lens L6 immediately 
5 downstream of the first pupil surface P1 forms a secondary correcting 
lens designed to complement and intensify the correcting effect of the 
primary correcting group CG1 . The aspheric secondary correcting lens is 
designed such that an angular load similar to the angular of the primary 
correcting surface is obtained a the entry surface (#12), in this case 

10 characterized by SINIMAX2 = 0,944. Secondly, this aspheric surface is 
placed at a position where the absolute value of the subaperture offset, 
S02, is similar to, but different from the absolute value of the subaper- 
ture offset SOI at the primary correcting surface (#33). This enables the 
secondary correcting surface to act essentially on the same aberrations 

15 as the primary correcting surface, but with slightly different contributions 
such that the contributions of the secondary correcting surface comple- 
ment those of the primary correcting surface significantly. In that sense, 
the aspheric surfaces of the primary and secondary correcting surfaces 
complement each other and enable the correction of extreme aperture 

20 values. 

It is one characterizing feature of this strongly bent positive meniscus 
lens that an opening angle y of the concave entry surface (#12) is larger 
than 60° or 70° such that the entry surface is almost hemispherical. 

25 Here, the opening angle y is defined as the angle included between the 
optical axis and a straight line between the center of curvature of the 
curved entry surface and the edge of the optically used area of that sur- 
face. In other words, y = arcsin (h max /Rc) , where R c is the radius of cur- 
vature at the vertex of the curved entry surface and h max is the maximum 

30 ray height at that surface (corresponding to the free semidiameter Vz Dia. 
given in the rightmost column of Table 1). One beneficial property of this 
lens may be explained as follows. Since the opening angle is large, the 
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curved entry surface generates aberration contributions with significant 
amplitude even at very high orders of aberrations. At the same time, the 
strongly curved exit surface of the meniscus lens, having very similar 
radius of curvature and being arranged at a small distance downstream 
5 of the entry surface, may compensate a large fraction of the aberrations 
caused by the entry surface. However, since the maximum incidence 
angles are significantly smaller at the exit surface, the amplitude of the 
opposing effect contributed by the exit surface are not as high as the 
opposite effects of the entry surface particularly in the region of very high 

10 orders of aberrations. The resulting net-effect of the combined contribu- 
tions of the entry surface and exit surface of meniscus L6 may be char- 
acterized by relatively small residual aberrations at lower orders of aber- 
ration and a significantly higher contribution at higher orders of aberra- 
tion. Depending on the aspheric shape of the entry surface and exit sur- 

15 face, the relative amplitudes of the residual higher order aberrations may 
be tailored to a certain extent. The overall aberration contribution may be 
adapted to the opposing contributions of lenses upstream and down- 
stream of that meniscus lens to compensate those aberrations particu- 
larly at very high orders, which are otherwise difficult to correct in very 

20 high NA projection objectives. 

A further contribution to secondary correction is provided by the image- 
side aspheric concave surfaces of meniscus lenses L2, L3 arranged 
upstream of the first pupil surface P1. Specifically, the exit surface (#6) 
25 of lens L3 is shaped and arranged such that high incidence angles 
characterized by SINIMAX = 0,936 are obtained at a subaperture offset 
(S02 = 0,936) which is similar to, but significantly different from the 
subaperture offset SOI at the primary correcting surface. 

30 The combined effect of the primary correcting surfaces of CG1 and the 
secondary correcting surfaces of CG2 disposed on either side of the 
final intermediate image (second intermediate image IMI2) in different 
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imaging subsystems of the projection objective allow to obtain a "hyper- 
aspherical" effect which cannot be obtained by a reasonably shaped 
single asphere or a group of aspheric lenses positioned at one narrow 
axial region within the projection objective between a pupil and the next 
5 field surface. 

It is worth to note that the aspheric correcting surfaces subject to high 
angular loads characterized by SIMIMAX > 0,85 on either side of the first 
pupil surface P1 within the first refractive object part ROP1 (particularly 

10 the exit surface (#6) of lens L3 upstream of the first pupil surface P1 and 
the entry surface (#12) of the strongly bent meniscus lens L6 
immediately downstream of the first pupil surface P1) form a set of 
spatially separated aspheric correcting surfaces complementing each 
other in their correcting effect. Since both surfaces are subject to 

15 extremely high maximum incidence angles a potential for strong 
effective is provided. Further, since the relative positions of the first and 
second subapertures, SA1 and SA2, respectively, on these surfaces 
upstream and downstream of the first pupil surface are reversed 
(indicated by opposite signs of the subaperture offset) as explained 

20 above, this condition enables the specific influence particularly on the 
rays at the edge of a pupil which are difficult to correct by conventional 
correcting means. Further, since the absolute value of the subaperture 
offset is similar on both correcting surfaces, but at the same time 
distinctly different between the correcting surfaces, the mutually 

25 enhancing and complementary effect explained above is also obtained 
for this pair of associated aspheric correcting surfaces. 

In this regard, the lenses between the object surface OS and the first 
pupil surface P1 form an object-side system part and the lenses 
30 between the first pupil surface P1 and the image surface IS form an 
image-side system part including the last optical element where the 
convergent beam has an aperture sina > 0,8. The meniscus lens L6 
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forms a first correcting lens having a first (object-side) aspheric 
correcting surface subject to a first angular load and characterized by a 
first subaperture offset, and the biaspherical positive meniscus lens L3 
having an concave aspheric exit surface may be considered as a second 
5 correcting lens having a second aspheric correcting surface subject to a 
similarly high angular load and a second subaperture offset, which is 
similar, but slightly different from the first subaperture offset present on 
the entry surface of lens L6. As explained above, these conditions 
allowbeneficial correction contributions particularly at very high orders. 

10 

The exemplary embodiment discussed above is a catadioptric projection 
objective with exactly two concave mirrors, exactly two intermediate 
images and three pupil surfaces, where all optical elements are aligned 
along one straight, unfolded optical axis. Implementation of the invention 

15 is not restricted to this type of projection objectives. The invention can 
also be incorporated into projection objectives having only one concave 
mirror, or catadioptric projection objectives having two concave mirrors 
in a arrangement different from that shown in the figures, or in 
embodiments having more than two concave mirrors. Also, use of the 

20 invention can be made independent of whether or not folding mirrors are 
present in the optical design. Further, the invention can be used in 
catadioptric systeme having off-axis field (such as exemplarily shown 
here) or in systems having an axial field (typically centered around the 
optical axis). The latter type may have a physical beam splitter, such as 

25 a polarization selective beam splitter, or may be designed as a system 
having a central pupil obscuration. Examples of catadioptric systems 
suitable for incorporation of the invention are given e.g. in applicants US 
applications having serial numbers 60/511,673 (corresponding to WO 
2005/040890), 60/560,267 or in US 2002/0012100 A1. The disclosure of 

30 these documents is incorporated herein by reference. Other examples 
are shown in US 2003/0011755 A1 and related applications or in WO 
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2004/10701 1A1 . The invention may also be incorporated into a purely 
refractive projection objective. 

The invention can be implemented into projection objectives with any 
5 suitable number of intermediate images depending on demand. 

The above description of the preferred embodiments has been given by 
way of example. From the disclosure given, those skilled in the art will 
not only understand the present invention and its attendant advantages, 
10 but will also find apparent various changes and modifications to the 
structures and methods disclosed. It is sought, therefore, to cover all 
changes and modifications as fall within the spirit and scope of the 
invention, as defined by the appended claims, and equivalents thereof. 

15 The contents of all the claims is made part of this description by refe- 
rence. 
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Table 1A 
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What is claimed is: 

1. A projection objective for imaging a pattern provided in an object 
surface of the projection objective onto an image surface of the projec- 
tion objective comprising: 

an object-side imaging subsystem for creating a final intermediate image 
closest to the image surface from radiation coming from the object sur- 
face; 

an image-side imaging subsystem for directly imaging the final interme- 
diate image onto the image surface; 

the image-side imaging subsystem including a diverting lens group for 
creating a divergent beam from radiation coming from the final interme- 
diate image and a converging lens group including a last optical element 
closest to the image surface for converting the divergent beam into a 
convergent beam having an aperture sin a > 0,8 in the last optical ele- 
ment to provide an image-side numerical aperture NA; 
the image-side imaging subsystem including a primary correcting group 
having a primary correcting lens having an aspheric primary correcting 
surface formed by an image-side concave surface of the primary correct- 
ing lens and arranged in the region of divergent beam such that a pri- 
mary angular load defined by a primary local maximum SINIMAX1 for 
the sine of the angle of incidence is obtained and such that a primary 
subaperture offset SOI is given on the primary correcting surface; 
the object-side imaging subsystem including a secondary correcting 
group having at least one secondary correcting lens having an aspheric 
secondary correcting surface, 

wherein the secondary correcting surface is shaped and arranged such 
that a secondary local maximum SINIMAX2 for the sine of the angle of 
incidence similar to the primary local maximum SINIMAX1 is obtained on 
the secondary correcting surface and arranged at a position where an 
absolute value of a secondary subaperture offset S02 is similar to, but 
different from, the absolute value of the first subaperture offset SOI , 
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where a subaperture offset SO between a first subaperture SA1 corre- 
sponding to a first object point of minimum height and a second 
subaperture S02 corresponding to a second object point with maximum 
height is defined as: 

5 SO = Dsa/DIAsa, 

where D S a is a distance between the centers of the first and the second 
subaperture in an offset direction and DIA S a is the mean value of the di- 
ameters of the first and second subaperture in the offset direction 

0 

2. Projection objective according to claim 1, wherein the following 
conditions are fulfilled 

(1)SINIMAX1 > 0,85 
5 (2)SINIMAX2 > 0,85 

(3) | SOI |/|S02| * 1 

(4) LL < | (S01/S02) | < UL 

where LL=3 and UL = 25 or LL = 1/25 and UL = 1/3. 

3. Projection objective according to claim 2, wherein LL=3 and UL = 
6 or LL = 1/6 and UL = 1/3. 

4. Projection objective according to claim 1 , wherein NA > 1 ,35. 

5. Projection objective according to claim 2, wherein at least one of 
the following conditions is fulfilled for the absolute value | (S01/S02) | of 
the subaperture offset ratio: 

(1) LL=3 and UL = 4 or LL = 1/4 and UL = 1/3. 

(2) LL=5 and UL = 6 or LL = 1/6 and UL = 1/5. 

(3) LL=15 and UL = 25 or LL = 1/25 and UL = 1/15. 



WO 2007/025643 



-45- 



PCT/EP2006/007963 



6. Projection objective according to claim 1, wherein one aspheric 
correcting surface is positioned such that one of the following three con- 
ditions (1) to (3) is fulfilled for the absolute value | SO| of the subaper- 

5 turte offset, and another aspheric correcting surface is present at a posi- 
tion where one of the other two remaining conditions is fulfilled, where 
the conditions are as follows: 

(1)0 < | SO | <0.025 
10 (2)0,04 < | SO | < 0,120 

(3)0,200 < | SO | < 0,400 

7. Projection objective according to claim 1, wherein SINIMAX1 > 
0,925 and SINIMAX2 > 0,925 

15 

8. Projection objective according to claim 1, wherein SINIMAX1 > 
SINIMAX2. 

9. Projection objective according to claim 1, wherein the primary cor- 
20 recting lens is a negative lens having an image-side concave surface 

immediately followed by a group of five lenses including at least four 
positive lenses. 

10. Projection objective according to claim 1, wherein there are only 
25 positive lenses between the primary correcting lens and the image sur- 
face. 

11. Projection objective according to claim 1, wherein at least five 
positive lenses are arranged between the primary correcting lens and 

30 the image surface. 
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12. Projection objective according to claim 1, wherein at least 80% of 
all lenses between the primary correcting lens and the image surface are 
positive lenses. 

5 13. Projection objective according to claim 1, wherein the primary cor- 
recting group includes at least two negative lenses having aspheric im- 
age-side concave surfaces arranged in the region of divergent beam. 

14. Projection objective according to claim 1, wherein the primary cor- 
10 recting lens is a biconcave negative lens. 

15. Projection objective according to claim 1, wherein the primary cor- 
recting lens is a biaspherical lens having an aspheric entry surface and 
an aspheric exit surface. 

15 

16. Projection objective according to claim 1, wherein the secondary 
correcting group includes a secondary correcting lens formed by a lens 
having an aspheric object-side concave surface arranged in a position 
selected such that the primary and the secondary subaperture offset 

20 have opposite signs. 

17. Projection objective according to claim 1, wherein at least one 
secondary correcting lens is a mensicus lens. 

25 18. Projection objective according to claim 17, wherein the meniscus 
lens is bent strongly such that an opening angle y of the apheric correct- 
ing surface exceeds 60° . 

19. Projection objective according to claim 1, wherein at least one 
30 secondary correcting lens is a biaspherical lens. 
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20. Projection objective according to claim 1 , wherein the secondary 
correcting group includes a secondary correcting lens having an image- 
side aspheric concave surface arranged at a position where the primary 
and secondary subaperture offset have the same sign. 

5 

21. Projection objective according to claim 20, wherein the lens having 
an aspheric image-side concave surface is a meniscus lens. 

22. Projection objective according to claim 20, wherein the secondary 
10 correcting lens having an aspheric image-side concave surface is a bi- 

aspherical lens having an aspheric entry surface and an aspheric exit 
surface. 

23. A projection objective for imaging a pattern provided in an object 
15 surface of the projection objective onto an image surface of the projec- 
tion objective comprising: 

an object-side imaging subsystem for creating a final intermediate image 
closest to the image surface from radiation coming from the object sur- 
face, the object-side imaging subsystem including a first pupil surface 
20 closest to the object surface; 

an image-side imaging subsystem for directly imaging the final interme- 
diate image onto the image surface; 

an aspheric lens arranged immediately downstream of the first pupil sur- 
face having an aspheric object-side concave entry surface facing the 
25 pupil surface, wherein that entry surface has an opening angle y > 60°, 
where the opening angle y of a curved surface is defined as the angle 
included between an optical axis and a straight line between a center of 
curvature at the vertex of that curved surface and an edge of the opti- 
cally used area of the curved surface. 

30 

24. Projection objective according to claim 23, wherein y > 80°. 
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25. Projection objective according to claim 23, wherein the aspheric 
lens arranged immediately downstream of the first pupil surface is cut 
asymmetrically. 

5 26. Projection objective according to claim 23, wherein the aspheric 
lens having the aspheric entry surface has positive refractive power. 

27. Projection objective according to claim 23, wherein the aspheric 
lens having the aspheric entry surface is a meniscus lens. 

10 

28. Projection objective according to claim 23, wherein the aspheric 
lens having the aspheric entry surface is a biaspherical lens. 

29. Projection objective according to claim 23, wherein the projection 
15 objective has at least one aspheric lens between the object surface and 

the first pupil surface, wherein that aspheric lens has an image-side 
concave exit surface facing the pupil surface and wherein that surface is 
aspheric and has an opening angle y > 60°. 

20 30. Projection objective according to claim 29, wherein the aspheric 
lens having the aspheric exit surface has positive refractive power. 

31. Projection objective according to claim 29, wherein the aspheric 
lens having the aspheric exit surface is a meniscus lens. 

25 

32. Projection objective according to claim 29, wherein the aspheric 
lens having the aspheric exit surface is a biaspherical lens. 

33. Projection objective according to claim 29, wherein the projection 
30 objective has two pupil surfaces and exactly one intermediate image. 
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34. Projection objective according to claim 29, wherein the projection 
objective has exactly two intermediate images and three pupil surfaces. 

35. Projection objective according to claim 1, wherein the last optical 
element is made of a material having refractive index n LO E and wherein 
the image-side numerical aperture is in the range 0,95 * n LO E < NA < 

nLOE- 

36. Projection objective according to claim 1 , wherein the last optical 
element is made of fused silica and wherein the image-side numerical 
aperture is in the range 1 ,35 < NA < 1 ,50. 

37. Projection objective according to claim 1 , wherein all refractive op- 
tical elements are made of the same material and wherein the image- 
side numerical aperture is in the range 1,35 < NA < 1,50. 

38. Projection objective according to claim 37, wherein the same ma- 
terial used for all refractive optical elements is fused silica. 

39. A projection objective for imaging a pattern provided in an object 
surface of the projection objective onto an image surface of the projec- 
tion objective comprising: 

at least one pupil surface; 

an object-side system part between the object surface and the pupil sur- 
face for guiding radiation coming from the object surface towards the 
pupil surface; 

an image-side system part for guiding radiation coming from the pupil 
surface onto the image surface, the image-side system part including a 
last optical element closest to the image surface and being designed for 
creating a convergent beam having an aperture sin a > 0,8 in the last 
optical element to provide an image-side numerical aperture NA; 
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the image-side system part including a first correcting group having at 
least one first correcting lens having a first aspheric correcting surface 
formed by a concave surface of the first correcting lens and arranged 
such that a first angular load defined by a first local maximum SINIMAX1 
for the sine of the angle of incidence is obtained and such that a first 
subaperture offset SOI is given on the first correcting surface; 
the object-side system part including a second correcting group having 
at least one second correcting lens having a second aspheric correcting 
surface, 

wherein the second correcting surface is shaped and arranged such that 
a second local maximum SINIMAX2 for the sine of the angle of inci- 
dence similar to the first local maximum SINIMAX1 is obtained on the 
second correcting surface and arranged at a position where an absolute 
value of a second subaperture offset S02 is similar to, but different from, 
the absolute value of the first subaperture offset SOI, 
where a subaperture offset SO between a first subaperture SA1 corre- 
sponding to a first object point of minimum height and a second 
subaperture S02 corresponding to a second object point with maximum 
height is defined as: 

SO = D SA / DIAsa, 

where D S a is a distance between the centers of the first and the second 
subaperture in an offset direction and DIA S a is the mean value of the di- 
ameters of the first and second subaperture in the offset direction. 

40. Projection objective according to claim 39, wherein the following 
conditions are fulfilled 

(1) SINIMAX1 > 0,85 

(2) SINIMAX2 > 0,85 

(3) | SOI |/| S02| * 1 

(4) LL< | (S01/S02) | s UL 
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where LL=3 and UL = 25 or LL = 1/25 and UL = 1/3. 

41. Projection objective according to claim 39, wherein the first cor- 
recting lens is arranged immediately downstream of the pupil surface 
and has an aspheric object-side concave entry surface facing the pupil 
surface, wherein that entry surface forms the first aspheric correcting 
surface and has an opening angle y > 60°. 

42. Projection objective according to claim 39, wherein the second 
correcting lens is an aspheric lens having an image-side concave exit 
surface facing the pupil surface and wherein that exit surface forms the 
second aspheric correcting surface and has an opening angle y > 60°. 

43. Projection objective according to claim 39, wherein the pupil sur- 
face is a first pupil surface closest to the object surface. 

44. Projection objective according to claim 39, wherein no intermedi- 
ate image is formed between the first correcting lens and the second 
correcting lens. 

45. Projection objective according to claim 39, wherein NA > 1 ,35. 

46. A projection objective for imaging a pattern provided in an object 
surface of the projection objective onto an image surface of the projec- 
tion objective comprising: 

a plurality of optical elements including refractive optical elements, the 
plurality of optical elements being arranged and designed to image the 
pattern onto the image surface at a maximum image-side numerical ap- 
erture NA > 1 .35; 

wherein all refractive optical elements are made of fused silica. 
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47. Projection objective according to claim 46, wherein the image-side 
numerical aperture is in the range 1 ,35 < NA < 1 ,50. 

5 48. Projection objective according to claim 46, wherein the projection 
objective is a catadioptric projection objective and wherein the optical 
elements include at least one concave mirror. 

49. Projection objective according to claim 48, wherein the projection 
10 objective has at least one intermediate image beteeen the object surface 

and the image surface. 

50. Projection objective according to claim 46, wherein the projection 
objective is rotational symmetric and has one straight optical axis 

15 common to all optical elements. 

51. Projection objective according to claim 50, wherein the projection 
objective is a catadioptric projection objective and wherein the optical 
elements include exatly two concave mirrors. 
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